Abstract-This paper presents a novel spurious suppressed bandpass filter designed with triangular stepped-impedance resonators. The proposed resonators are folded for a triangular schematic, which creates two transmission zeros. By varying the line width of resonators, one of the zeros is tuned to suppress the first and second spurious responses, and the other is used to improve skirt selectivity. The current study analytically derives explicit design equations and fabricates a threepole Chebyshev bandpass filter centered at 1.5 GHz based on the directcoupled structure. The experimental results show spurious suppression improvement more than 20 dB up to 5.6f 0 .
INTRODUCTION
Designers widely use half-wavelength hairpin resonators to construct microwave and wireless bandpass filters. The hairpin resonator has attractive features because its structure suffices for compact size and easy fabrication [1] [2] [3] [4] [5] [6] . Since the length of resonators is λ/2, such filters have a spurious passband at nf 0 , where f 0 is the operating frequency. However, bandpass filters with spurious suppressed responses and good skirt rate are always required to improve frequency selectivity for modern communication systems.
Researches have presented numerous effective approaches for spurious suppression.
Slow-wave resonators [7] push spurious resonances to higher frequencies to extend the upper stopband. Defected ground structures are utilized to provide attenuation poles to yield a wide stopband [8] . The lowpass or bandstop circuits can be incorporated into bandpass filters to suppress unwanted spurious passbands [9] . Wu et al. [10] adopted the semi-lumped parallelresonance structure and capacitive microstrip-CPW broadside-coupled structure [11] to generate transmission zeros to suppress spurious responses. In [12] , a novel open-loop stepped-impedance resonator was developed to create two transmission zeros in the upper stopband and thus provide a sharp transition band and multi-spurious suppression.
This paper utilizes triangular stepped-impedance resonators to synthesize microstrip bandpass filters based on the direct-coupledresonator structure. The proposed triangular-shaped resonators create two controllable transmission zeros to suppress spurious responses and obtain good skirt rate. The good measured results confirm effectiveness of the proposed filter structure.
RESONATOR WITH TWO TRANSMISSION ZEROS

Resonant Frequencies and Transmission Zeros
The conventional hairpin-line bandpass filter is based on parallelcoupled lines with both ends folded for circuit miniaturization as Fig. 1(a) shows. Since its resonators are λ g /2 in length, where λ g is the guided wavelength, the spurious responses at nf 0 are unavoidable. Fig. 1(b) shows the proposed bandpass filter, consisting of three coupled triangular stepped-impedance resonators, where the resonators are vertically offset from one another, but their wide sides are aligned along a line. The triangular resonators create two tunable transmission zeros to suppress spurious responses and improve skirt rate. Fig. 2(a) shows the schematic of a triangular stepped-impedance resonator (TSIR) which has a triangular shape but is disconnected in the bottom section. If the resonator has uniform impedance (W a = W b ), the electrical length will be λ g /2 for resonance. The end-coupled arms of the resonators are not only for increasing loading capacitance, but also for creating two tunable transmission zeros. Figure 2 (b) shows the equivalent transmission line model, in which TSIRs can be modeled using parallel connections of a transmission line with (Z a , 2θ a ) and two lines (Z b , θ b ) having an end-coupled capacitance C 1 in between. Notably, C 2 denotes the coupling capacitance of input/output ports. Since the resonator structure is symmetric, it can support both even and odd modes. The first odd-mode resonates at f 0 (operating frequency), and the first even-mode resonates at f 1 (first spurious frequency), and so forth. At f z1 , the split bottom line of resonators is a quarter-wave open stub such that the feeding point is virtually short-circuited. The existence of C 1 creates more than one signal path between input and output ports as noted by dotted lines. When the two paths are exactly 180 • out of phase, the second To analyze design parameters of resonators, the odd-and evenmode equivalent circuits can be applied as shown in Figs. 2(c) and 2(d). The odd-mode input admittance seen from P 1 of Fig. 2(c) is
When Y o in = 0, odd-mode resonance will occur, and the resonant condition is
Similarly, the even-mode input admittance in Fig. 2(d) is derived as
Even-mode resonance can be formulated with Y e in = 0, which is
The transmission zero occurs when S 21 = 0. The S 21 parameter can be derived with the odd-and even-mode input admittances, and is given by
where Y o is the characteristic admittance. From (5), it is found that Y o in = Y e in , which gives the condition of transmission zeros: 
Frequency Shift of Spurious Responses and Transmission Zeros
Since the goal of this paper is to obtain a wide stop band, the current study analyzes the frequency variation of spurious responses and transmission zeros of resonators in detail. Observations show that the impedance Z b of the bottom side of resonators has the most significant affection on frequency shift. When Z b is decreased (W b increased), the effective θ b becomes shorter since l b is tapered from outside edge to inside edge, which raises the resonant frequency. The odd mode currents concentrate at the vertical angle of resonators, so that f 2 is slightly altered by the decrease of Z b . On the other hand, the currents of the even mode and the second zero highly concentrate on the two base angles of resonators. Accordingly, f 1 and f z2 increase more rapidly as Z b is decreased. Varying Z b can shift f 1 and f z2 to merge with f 2 to suppress the spurious responses. 
FILTER SYNTHESIS WITH DIRECT-COUPLED-RESONATOR STRUCTURE
The proposed spurious-suppressed TSIRs are implemented for the bandpass filter design based on the direct-coupled-resonator structure. Fig. 1(b) shows that the three-pole experimental filter consists of three offset triangular stepped-impedance resonators, using the line-to-loop strong coupling for input/output ports. Fig. 4 depicts the equivalent circuit of the filter, where Figure 4 . Equivalent circuit of Fig. 1(b) with coupling coefficients K ij and external quality factors Q e .
frequency. The coefficients K ij specify the coupling between adjacent resonators i and j of the filter, and Q ei and Q eo are the external quality factors that specify the input and output couplings, respectively. K ij and Q e can be derived from the associated low-pass prototype of Fig. 4 , which is given by
where g i are element values of the lowpass prototype filter and FBW represents the fractional bandwidth of bandpass filters. When the filter is designed with third-order (N = 3), Chebyshev response, and 0.5 dB ripple level, the element values of the low-pass prototype are g 0 = g 4 = 1, g 1 = g 3 = 1.5963 and g 2 = 1.0967. If f 0 = 1.5 GHz and FBW = 8% are required, then Q ei = Q eo = 19.9537 and the coupling matrix is 
The design curves of coupling coefficients and external quality factors need to be plotted for determining circuit dimensions. The coupling coefficient between resonators i and j can be calculated using the equation
, where f p1 and f p2 represent the two simulated split resonant frequencies of a pair of coupled resonators [6] . The external quality factor can be obtained from Q e = f 0 /∆f 3 dB , where ∆f 3 dB is the 3-dB bandwidth of a singly loaded TSIR. Fig. 5(b) plots the design curve of the external quality factor Q e versus the feeding position t with S = 0.2. Generally, a smaller gap S results in a stronger I/O coupling or a smaller external quality factor of the resonator [6] . For providing the proper Q e , the gap S is chosen to be 0.2 mm. From Fig. 5(b) , t in Fig. 1(a) 
EXPERIMENTAL RESULTS
The current investigation uses the substrate RT/Duroid 6010 with dielectric constant ε r = 10.2, tan δ = 0.0025, and thickness h = 1.27 mm for filter fabrication, and the full wave EM software IE3D for simulation. Fig. 6 (a) plots the simulated and measured results, and both responses agree closely. The measured center frequency is slightly shifted to 1.51 GHz, showing that the spurious responses are suppressed up to 5.6f 0 with a rejection level of better than 20 dB. The measured insertion loss, return loss, and 3-dB bandwidth are 1.55 dB, 18.7 dB, and 8.1%, respectively. Fig. 6 (b) displays a photograph of the fabricated filter.
CONCLUSION
A novel spurious suppressed bandpass filter based on the directcoupled-resonator configuration with stepped-impedance resonators is presented. The proposed triangular-shaped stepped-impedance resonators create two tunable transmission zeros which are applied to suppress multi spurious responses and achieve sharp skirt selectivity.
The frequency shift of spurious responses and transmission zeros due to the dimension variation of resonators is investigated. Design curves of the coupling coefficients and external quality factors are plotted for filter synthesis. This work designed and fabricated an experimental third-order Chebyshev bandpass filter operating at 1.5 GHz. The measured responses with suppression of over 20 dB and up to 5.6f 0 validate effectiveness of the proposed circuit structure.
